Low-field bench-top nuclear magnetic resonance imaging (MRI) has been applied to investigate the hydrodynamics in novel hollow fibre modules with four different configurations of randomly-packed, spacer-knitted, curly and semi-curly fibres, specifically designed for the membrane distillation (MD) process. Imaging, spatially resolved velocity maps and propagators (probability distributions of displacement/velocity) were all acquired in the modules with flow in the shell side. The MRI data were correlated with overall module performance.
Introduction
As an alternative for seawater desalination, membrane distillation (MD) is a promising technique credited with several advantages: low sensitivity to salt concentration and theoretically 100% salt rejection; feasibility to utilize low-grade heat and renewable energy (e.g., waste heat or solar power); low vulnerability to membrane fouling and good performance under mild operating conditions as compared to conventional, multi-stage distillation or reverse osmosis (RO) [1] . Despite many attractive characteristics and extensive lab-scale studies, MD has not been widely implemented in industry due to several major challenges [1, 2] : the development of highly-permeable and anti-wetting membranes [1, [3] [4] [5] [6] [7] ; design of commercial MD modules with good hydrodynamics, even flow distribution and significantly less local temperature polarization [8] [9] [10] ; and establishment of reliable energy assessment and heat recovery systems [11] [12] [13] [14] [15] [16] .
As a preferable configuration for industrial applications, hollow fibre modules present more versatility, larger membrane area per unit volume, reduced vulnerability to temperature polarization [17] and enhanced productivity. Nevertheless, many prior studies on general hollow fibre modules have shown that non-ideal flow distribution could lead to less active membrane area, insufficient mixing and local loss of driving force, and hence low heat-or mass-transfer efficiencies [18] [19] [20] [21] [22] [23] [24] [25] . As summarized in a recent review [25] , novel design concepts achieving even cross-flow distribution were widely applied for commercial hollow fibre modules as liquid-liquid/liquid-gas membrane contactors (e.g., Celgard
Liqui-Cel TM modules [20, 26, 27] ). However, investigations on hydrodynamic improvements in MD hollow fibre modules are sparse in the open literature mainly due to fabrication and modeling complications [2, [28] [29] [30] [31] [32] [33] [34] [35] . Enhancing strategies such as flow alteration aids or modifying fibre layout to create secondary flows or eddies (such as cross-flow design or turbulence promoters, e.g. spacers or baffles) have been proposed for improving MD module performance experimentally [7, 30, 31, 36, 37] . In the MD process employing shell-side feed, the occurrence of significant channeling, bypassing, or dead zones can greatly reduce the local driving force and decrease module performance. Prior studies on hollow fibre module design showed that the fluid flow across the fibre bundles needs to be evenly distributed in order to achieve an effective mitigation of temperature polarization and improvement of the MD process efficiency [7, 18, [38] [39] [40] . For a direct understanding of the fluid dynamics fundamentals, in particular the uniformity of flow, physical inspection of the module inner structures/fibre arrangement and flow distribution is essential in providing valuable insights for future optimum module design work.
Traditionally, there are many approaches for characterizing flow distribution [41] : broadly these are invasive or non-invasive. Invasive or quasi-invasive techniques include structural inspection by disassembling the module parts [42] , tracer analysis [43] , combined X-ray computed tomography (CT) scanner and radio-opaque tracer dye study and/or high-speed tracer photography [44] [45] [46] . However, to achieve in-situ real-time monitoring of the flow field inside a confined opaque vessel, non-invasive techniques are preferred.
However, optical methods as one of the non-invasive techniques are restricted to special conditions such as transparent membranes [47] or fluorescent tracers. Nuclear magnetic resonance (NMR) has various advantages including being non-invasive, the absence of ionizing radiations, freedom to image any selected plane through a complex sample (or generate a 3-dimensional image of the sample as a whole) and the ability to image non-metallic samples which are optically opaque [48] , which is an ideal feature for the MD modules composed of opaque plastics.
NMR involves the excitation and relaxation of various nuclei under the influence of a magnetic field [49] . The signal strength depends on the number of spins in a sample and depends on the gyromagnetic ratio of the nuclei. In general, the proton ( 1 H nucleus) is considered as the most prevailing and hence the targeting nuclei in NMR signal detection, which originates predominately from the water content of our modules. The signal strength is proportional to 1 H density modulated by various signal relaxation processes. The application of magnetic field gradients allows both imaging and displacement (self-diffusion and velocity) measurement. These can be combined to deliver velocity maps, in which velocity is measured for each pixel in the image [50] [51] [52] [53] [54] ; alternatively spatially unresolved probability distributions of displacement (readily converted to velocity) can be measured, these are known as propagators [44, 45, 48, [55] [56] [57] [58] .
Early module studies used NMR flow imaging to elucidate flow distribution in inorganic tubular configurations by mapping the axial flow velocities and verifying with theoretical modeling results [59, 60] . Membrane bioreactor researchers also explored the capability of NMR imaging technique for observing Starling flows in the shell side of hollow fibre modules [61, 62] . Studies using both structural and velocity imaging for flow analysis have been conducted in both hollow fibre [63] as well as spiral wound membrane modules [64, 65] . Applications of MRI to hemodialyzer modules containing thousands of fibres revealed significant flow mal-distribution despite the presence of turbulence promoters [66] [67] [68] .
Despite its clear advantages and ability to inform module development, the use of MRI in such a capacity is limited. This is undoubtedly due to geometric constraints on the modules as well as comparatively poor signal relative to other metrology techniques.
Moreover, all above-mentioned studies have adopted super-conductive magnet, high-field Therefore, in the current study we employ a bench-top NMR spectrometer featuring a 0.3 T permanent magnet (corresponding to a 1 H resonance frequency of 12.7 MHz) and 3D magnetic field gradients for imaging and motion measurements. Using this apparatus, we measure the flow field with a focus on the homogeneity in four MD hollow fibre module designs (i.e., conventional randomly-packed, spacer-knitted, semi-curly and curly fibre modules [18] ). Combined with 2D structural and velocity images, the displacement/velocity propagators, which are significantly less influenced by signal-to-noise ratio (SNR), are acquired and correlated against membrane performance and the interplay of hydrodynamics for the first time in the literature. The compromise involved in applying this bench-top apparatus compared to a high-field super-conducting system is also briefly discussed.
Experimental protocol

Hollow fibre module preparation and MD performance tests
In this study Polyvinylidenefluoride (PVDF) hollow fibre membranes developed by a commercial supplier [36] , with outer and inner diameters of 1.45 -1.50 and 0.97 -1.03 mm, respectively, were used to fabricate lab-scale multi-fibre MD modules. A brief summary of membrane and module specifications are listed in Table 1 . The detailed measurements of the PVDF membrane characteristics (i.e., wall thickness, porosity, and pore size/pore size distribution, etc) can be found in the literature [36] . During module fabrication, the fibres were potted into the housings made from transparent Acrylic material to facilitate direct surface observation of the fibre bundles, as shown in Fig considered as a compromise design to reduce the fabrication complexity, the assembly procedures for modules of different patterns can be found in our previous work [18] . In the module fabrication process, care must be taken to avoid damaging the membrane surface.
The membrane distillation (MD) performance for all hollow fibre modules was evaluated in terms of attainable flux using the experimental setup (DCMD system) shown previously [18] , in which the feed temperature was varied while holding the permeate temperature and other operating conditions constant; All the experiments were conducted using the DCMD system and synthetic seawater (3.5 wt % sodium chloride solution) as feed. Both the feed and permeate solutions were cycled through the hollow fibre module in countercurrent mode. On the shell side, the feed solution (synthetic seawater: conductivity around 60 ms·cm -1 ), was heated (in the range 313K − 343K) and circulated by a peristaltic pump (0 − 12 L·min -1 ). On the lumen side, the permeate (Deionized (DI) water with conductivity around 0.5 µs·cm -1 ) was cooled down to 298K by a cooling circulator and cycled by another peristaltic pump (0 − 4 L·min -1 ). The distillate was collected in an overflow tank sitting on a balance (± 0.1 g).
NMR experimental protocol
The NMR experiments were conducted using an Oxford MARAN low-field bench-top In this experiment each membrane module was installed and tested individually in the 5.3-cm i.d. resonator RF probe. De-ionized water (DI) was used as the flowing fluid and circulated through the shell side of the module using a peristaltic pump, which was calibrated using NMR velocity imaging of water in an equivalent pipe. The imaging planes were chosen as both parallel-and perpendicular-to-flow directions, i.e., module's axial Y and transverse Z directions, respectively, allowing the cross section and side view of a module to be analyzed. Conventional MRI pulse sequences were used to acquire images, velocity images/maps and propagators [57] . 2D Images were acquired over a field of view of 30 mm × 30 mm employing 256 pixels in each dimension (in-plane resolution of 117 µm) and a slice thickness of 5 cm. In terms of velocity encoding, magnetic field gradient strength was varied in 128 increments for propagator acquisition (g max = 64 mT۰m
ms, ∆ = 100 ms) whilst the strength employed for velocity imaging was varied depending on the velocity to avoid signal phase fold-over (δ = 4 ms, ∆ = 20 ms). Total acquisition times of propagators, 2D images and 2D velocity maps were 34, 54 and 68 minutes respectively.
Flow calibration and error assessment
All experiments were repeated to check reproducibility. The flow rate of the pump was calibrated using NMR velocity imaging and volumetric throughput measurements of water, which showed excellent agreement (error within ±5%). In the MD performance experiments, the results for the water-flux fluctuations were also within ±5% (illustrated as error bars in the figures). The temperature and flow rate variations were strictly controlled within ±0.2°C and ± 10 mL۰min -1 .
2 B Theoretical basis for NMR signal analysis
NMR signal is caused by the interaction of the nuclear spin (or quantized angular momentum) of a nuclei (e.g., 1 H in this paper) with an external static magnetic field (B 0 ), causing spin resonance at the Larmor frequency (ω 0 ). The basic principle of MRI (and displacement measurements) is to spatially encode the spins by superposition of constant magnetic field gradient applied across the sample, G, onto a static magnetic field [57] . In the case of displacement measurements, the consequential change in phase (ϕ ) of the NMR signal is proportional to the spin displacement ( ( ) ' t r ) according to:
where γ is the gyromagnetic ratio of the nuclei (e.g., 1 H).
Pulsed Field Gradient (PFG) NMR techniques [57] , via appropriate application of Eq.
(1), can be used to measure distribution of NMR signal phase and hence the probability distribution of displacement (i.e., propagator). The propagator ( P (R, ∆)) is defined as the probability distribution of (in our case water) molecules being displaced (by both advection and diffusion) a distance R over a time interval ∆ (e.g., starting at t=0 and location r and propagating to r+R after time t=Δ).
As an inverse Fourier transform of the acquired PFG NMR signal, the averaged propagator P is given as:
where ( ) 0 p r is the initial signal probability distribution as a function of initial position r.
For a given time interval, ∆, useful comparative statistics regards propagators focus on the moments of the propagator:
where µ n is the n th central moment, µ 1 is the first raw moment (i.e. mean), P(x) is the normalized probability distribution as function of displacement (x) in one direction defined by the applied gradient. The second central moment, µ 2 , (directly related to the variance, σ 2 , or standard deviation, σ, of displacement) is used to quantify the uniformity of flow, and the spread of the residence time distribution (RTD). Its magnitude generally scales with increasing heterogeneity corresponding to wider distributions (e.g. long break-through tails). 
Water molecule contrast NMR imaging
To acquire a direct display of the fibre arrangements, 2D images of the different designs (i.e., randomly packed, spacer-knitted, semicurly-and curly-fibre modules) filled with stationary DI water were acquired transverse and parallel to the module axis. These are presented in Fig. 3 . The thickness of the excited slice is 5 cm. With the signal originating from the water content on the shell side of the module, the fibre matrix is revealed.
Well-defined fibres in the transverse plane are aligned perpendicular to the slice direction;
as expected these are most prominent in the randomly-packed module (Fig. 3a) and least prominent in the curly-fibre design (Fig. 3d) . From the axial direction images (side-view), undulating flow paths are most obvious in the curly-fibre module (Fig. 3d ) and partially evident in the semicurly-fibre modules (Fig. 3c) , consistent with its compromised pattern between the randomly-packed and curly-fibre designs. fibre configuration, the performance results for other modules of different patterns can be found in our previous work [36] . Undoubtedly, the permeation fluxes of all MD modules follow a classical exponential increase with increasing feed temperature based on the Antoine equation [69] . Compared to the randomly-packed module, significant flux enhancement is achieved by the modified configurations. The highest improvement of up to 92 % is observed by the modules with extensive undulating membrane surface (curly fibres and spacer-knitted) at a feed temperature of 343 K. Intermediate behavior is observed for the semi-curly membrane design. As discussed in our previous MD studies [36] , the heat-transfer process could be enhanced by modifying the flow channel and/or increasing the velocity to reduce the thermal boundary layer on the membrane surface. i.e., when the temperature at the membrane surface approaches the temperature in the bulk permeate, the driving force for vapor transport through the membrane can be maximized. Therefore, the modules with undulating membrane surface (in particular the curly and spacer-knitted fibres) show advantages by achieving higher vapor permeability and mitigating the temperature polarization effect with reasonably lower energy losses; this is mainly due to the improved shell-side hydrodynamics induced by altered fibre geometries and relatively uniform shell-side flow distribution -these are now explored and quantified using NMR techniques.
MD performance of various module designs
NMR velocity mapping and flow distribution analysis
The velocity maps in a transverse slice (for velocity in the superficial flow direction) are shown in Fig. 5 for the four module designs over a slice thickness of 5 cm at a flow rate of 100 mL۰min -1 over an observation time Δ of 100 ms. What is immediately obvious is the loss of signal from the centre of the spacer-knitted design -this is a rapid flowing fibre-free channel causing signal loss, and will be discussed further in section 4.5. All other three designs present mean velocities consistent with gravimetric measurements to within 5%. Visually it appears that the most homogeneous flow-field is evident for the semi-curly-fibre design, followed by the curly-fibre and then the randomly packed modules.
This is consistent with quantitative standard deviations (σ) calculated for the spatial velocity distributions in Fig. 5 : semi-curly fibre -3.9 mm۰s -1 ; curly-fibre -7.7 mm۰s -1 and random packing -8.2 mm۰s -1 . Excessive channeling of the flow is only observed in the spacer-knitted design.
Propagator Analysis
In general, propagators can be more rapidly acquired compared to the velocity images.
Unlike the acquisition of imaging information only over a limited slice thickness, displacement probability provides sufficient and accurate statistics at molecular level and interprets NMR signal over the entire detected zone of the module [44, 45, 48, [55] [56] [57] [58] . The velocity images ( (converted from displacement probability distributions to velocity distributions by simply dividing by ∆).
In general, the Y-direction (superficial flow direction) propagators (Fig. 6a ) present an asymmetric distribution with the greatest probability of finding water molecules around zero velocity, indicative of stagnant fluid. It is evident that the spacer-knitted module shows reduced holdup and comparatively better hydrodynamics with a lower distribution curve;
while the three other designs present similar results. In the transverse Z direction (Fig. 6b) , the greatest probability is for zero velocity, which is consistent with the minimal transverse flow and significant stagnant zones as evidenced in Fig 6a. The greatest transverse flow is observed for the curly-fibre design, corroborated with the undulating configuration and its intention of promoting mixing. Broadly, the propagator measurements serve to be a useful insight into the internal hydrodynamics and hence mixing in the modules.
For a quantitative analysis of these displacement propagators for the 4 membrane designs, moments (mean displacement <x>, mm, and variance σ 2 , mm 2 ) are determined using Eq. 3 and are reported in Table 2 . With respect to the mean displacement, the expected mean displacement (<x>) value of 0.71 mm is measured for the curly, semi-curly and random designs (within experimental error); while the spacer-knitted design has an <x> of 5% smaller. This minor reduction is a consequence of the partial loss of signal in the centre of this module design (as discussed above for Figure 5(b) ). However, the effect is significantly reduced in the case of the propagator acquisition relative to the corresponding velocity image at the exact same flow conditions, due to a reduced NMR echo time for the propagators, as no imaging gradients are required.
Turning to the variance, ideal module behavior would constitute a single consistent speed (not velocity given in the tortuous flow paths) for the water flow through the module shell, which would correspond to a reduced value of variance for displacement. With respect to the Y (superficial flow) direction propagators, the variance for all four module designs is broadly equivalent varying by at most 20% from the average. Nevertheless, it is again noted that there is an obvious reduced hold-up (proportion of velocity around zero velocity) for the spacer-knitted design, which is inconsistent with its superior MD performance results (Fig. 4) . In general, the magnitude of the variance in the Z (transverse)
propagator indicates greater flow in this direction. In Table 2 , the variance increases significantly (in excess of 100%) from the random design to the semi-curly design to the curly design; indicating more intense transverse flow and mirroring their relative MD performance (Fig 4) -implying the existence of fast flowing fluid facilitated by undulating paths and subsequent secondary flows. The data supports the conjecture that module design resulting in enhanced transverse flow improves mixing and hence enhances module performance. However, the spacer-knitted design shows contradictory results. Thus, we proceed to explore this design more thoroughly in the next section.
NMR flow analysis for spacer-knitted module
To further elucidate the hydrodynamics of the shell side of the spacer-knitted module, the relationship between the NMR signal detection and operating flow conditions were investigated. Fig. 7 presents a series of cross-sectional images for the spacer-knitted configuration by applying a gradual increase on the shell-side volumetric flow rates from 10 to 2500 mL۰min -1 (i.e., 0.017 to 41.7 mL۰s -1 ), with a selected slice thickness of 5 cm and an echo time of 29.5 ms, which is similar to that employed in the velocity images.
Similar to what was observed in Fig. 5 (b) , a region of signal loss appears in the center of the module when the flow rate increases to 40 mL۰min -1 , and drastically enlarges with further increasing flow velocity till an almost complete loss of signal at 2500 mL۰min -1 .
This phenomenon is consistent with comparatively rapid, channeled flow in this central region, which increases with externally-applied flow rates.
Signal loss occurs due to 'dispersion' effects [70] in these fast flow channels coupled with the comparatively poor, inherent signal-to-noise (∼10:1) for these images along with the relatively long echo time over which signal loss can occur. (Fig. 9 b) , the probability distribution curve lowers and widens as the applied volumetric flow rate increases, but retains its general shape. This is very encouraging signal for expecting a strong transversal mixing and a subsequent improvement on the overall flow distribution.
Conclusions
With the aid of nuclear magnetic resonance imaging (MRI) technique, further insight was acquired into the internal flow hydrodynamics of various fibre configurations in novel hollow-fibre modules for membrane distillation (MD) applications. The pulse field gradient (PFG) experimental technique was used to acquire the spatial information of molecular displacement in the various flow channels. Specifically the internal structure of the shell-side fluid was imaged, cross-sectional 2D velocity images and probability distributions of displacement (propagators) were investigated.
Compared to the conventional randomly-packed module, the curly-fibre module designs were shown to promote transverse flow and correlated with improved MD performance. However, as a well-performed configuration testified via MD water flux experiments, an enhanced reduction in stagnant zones in a spacer-knitted module construction was speculated to be responsible for its superior measured MD performance (permeation flux). This was a surprising result given the very obvious flow channel established in the centre of this module, which would be expected to degrade performance.
Clearly, the transverse flow between the channel and the surrounding 'knitted' zones (which featured comparatively less stagnant fluid) was sufficient to overcome this limitation.
Of significant importance, this study has demonstrated the capability of a low-field (0. obviously presents significantly poorer signal-to-noise ratios (SNR) and imaging quality.
However, the system is cheaper, more mobile and hence more accessible. Our data indicated that the best insight into the interplay of hydrodynamics and module performance 20 is obtained from propagators, which were significantly less influenced by SNR. In particular, more rapid NMR methods could be employed to measure targeting moments [71] and acquire full propagators [72] of the flow. Future work will focus on implementing these more rapid methods on the low field NMR instruments for faster and non-invasive screening of module designs via propagator acquisitions, especially for scale-up modules, which would be prohibitively expensive to access at high fields. Tables   Table 1 Module specifications and membrane properties   Table 2 Overall comparison for various configurations
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